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Abstract

Carbon nanotubes were among the earliest products of nanotechnology and have many potential
applications in medicine, electronics, and manufacturing. The low density, small size, and
biological persistence of carbon nanotubes create challenges for exposure control and monitoring
and make respiratory exposures to workers likely. We have previously shown mitotic spindle
aberrations in cultured primary and immortalized human airway epithelial cells exposed to 24, 48
and 96 pg/cm? single-walled carbon nanotubes (SWCNT). To investigate mitotic spindle
aberrations at concentrations anticipated in exposed workers, primary and immortalized human
airway epithelial cells were exposed to SWCNT for 24-72 h at doses equivalent to 20 weeks of
exposure at the Permissible Exposure Limit for particulates not otherwise regulated. We have now
demonstrated fragmented centrosomes, disrupted mitotic spindles and aneuploid chromosome
number at those doses. The data further demonstrated multipolar mitotic spindles comprised 95%
of the disrupted mitoses. The increased multipolar mitotic spindles were associated with an
increased number of cells in the G2 phase of mitosis, indicating a mitotic checkpoint response.
Nanotubes were observed in association with mitotic spindle microtubules, the centrosomes and
condensed chromatin in cells exposed to 0.024, 0.24, 2.4 and 24 pg/cm? SWCNT. Three-
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dimensional reconstructions showed carbon nanotubes within the centrosome structure. The lower
doses did not cause cytotoxicity or reduction in colony formation after 24 h; however, after three
days, significant cytotoxicity was observed in the SWCNT-exposed cells. Colony formation
assays showed an increased proliferation seven days after exposure. Our results show significant
disruption of the mitotic spindle by SWCNT at occupationally relevant doses. The increased
proliferation that was observed in carbon nanotube-exposed cells indicates a greater potential to
pass the genetic damage to daughter cells. Disruption of the centrosome is common in many solid
tumors including lung cancer. The resulting aneuploidy is an early event in the progression of
many cancers, suggesting that it may play a role in both tumorigenesis and tumor progression.
These results suggest caution should be used in the handling and processing of carbon nanotubes.
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1. Introduction

Carbon nanotubes are currently used in many consumer and industrial products. Current
uses include electronic and drug delivery products, protective clothing, sports equipment,
and space exploration. The multi-billion dollar nanotechnology industry is expected to reach
a trillion dollars by 2015 [1]. Carbon nanotubes are available commercially in two major
forms: single-walled carbon nanotubes (SWCNT); and the more rigid, multi-walled carbon
nanotubes (MWCNT). The low density and small size of carbon nanotubes makes
respiratory exposures likely, with the highest exposures expected to occur occupationally,
either during production or through incorporation into various products. Although the
industry is expanding rapidly, the associated human health hazards have not been
investigated fully.

The durability, narrow width and proportionally greater length of the carbon nanotube are
characteristics shared with asbestos and are a reason for concern [2]. While some carbon
nanotubes can be degraded by myeloperoxidase in neutrophils under specific conditions [3],
they may stay in the body for long periods of time following exposure. Previous
investigations have demonstrated that both SWCNT and MWCNT can enter cells [4-7], and
cause a variety of inflammatory, cytotoxic, proliferative and genetic changes in vitroand in
vivo through a variety of mechanisms [8,9]. Nanotube exposure induced the generation of
reactive oxygen species, oxidative stress and cytotoxicity [9-12]. SWCNT interacted with
the structural elements of the cell, with apparent binding to the cytoskeleton [13-15],
telomeric DNA [16], and G—C rich DNA sequences in the chromosomes [17]. The
intercalation of SWCNT with the DNA causes a conformational change [17].
Destabilization of the DNA structure can induce chromosome breakage. In vitro
investigations have shown SWCNT-induced DNA damage in established cancer cell lines,
immortalized bronchial epithelial cells as well as primary mouse embryo fibroblasts and
human mesothelial cells [18-20]. Micronuclei have been observed in significant numbers
following in vitro treatment with SWCNT or MWCNT indicating disruption of the mitotic

Mutat Res. Author manuscript; available in PMC 2015 December 30.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sargent et al.

Page 3

spindle apparatus [19,21]. The presence of chromosome centromeres in the micronuclei
indicates the loss of whole chromosomes.

In vivo studies have shown that SWCNT exposure results in macrophages without nuclei as
well as dividing macrophage daughter cells connected by nanotubes, indicating SWCNT are
capable of inducing errors in cell division in vivo [8,22]. Exposure of rodents to the larger
diameter MWCNT (11.3 nm) results in micronuclei in Type Il epithelial cells indicating
either a high level of chromosomal breakage or mitotic spindle disruption [2]. The integrity
of the mitotic spindle and chromosome number are critical because mitotic spindle
disruption, centrosome damage and aneuploidy may lead to a greater risk of cancer [23-25].

Worker exposure in laboratories is likely during mixing and processing [26,27]. In
commercial processing there is a potential for even higher exposures during production and
processing if proper engineering controls are not used [28]. Although workplace exposures
are difficult to measure, direct reading instrumentation, and filter-based methods have been
used to evaluate nanoparticle concentrations and emissions to the outdoor environment of
unbound engineered nanoparticles [29]. Accurate exposure assessment will be critical in
evaluating the risk of nanotube exposures in workers.

The current exposure limit for carbon nanotubes falls in the class of ‘particles not otherwise
regulated’ and is 5 mg/m3 [30]. Recently, much lower exposure limits have been proposed
for carbon nanotubes but are not yet recommended [31]. We, therefore, examined whether
exposure to SWCNT has the potential to induce aneuploidy, mitotic spindle aberrations or
disruption of the cell cycle in normal and immortalized human respiratory epithelial cells at
levels that are possible in the workplace under current regulations for particulates not
otherwise regulated.

2. Methods

2.1. Particles for all experiments

SWCNT (CNI Inc., Houston, TX) used in this study were produced by the high pressure CO
disproportionation process (HiPco), employing CO in a continuous-flow gas phase as the
carbon feedstock and Fe(CO)s as the iron-containing catalyst precursor, and were purified
by acid treatment to remove metal contaminates [32]. Chemical analysis of total elemental
carbon and trace metal (iron) in SWCNT was performed at the Chemical Exposure and
Monitoring Branch (DART/NIOSH, Cincinnati, OH). Elemental carbon in SWCNT (HiPco)
was assessed according to the NIOSH Manual of Analytical Methods [33], while metal
content (iron) was determined using nitric acid dissolution and inductively coupled plasma-
atomic emission spectrometry (ICP-AES, NMAM #7300). The purity of HiPco SWCNT
was assessed by several standard analytical techniques including thermo-gravimetric
analysis with differential scanning calorimetry, Raman spectroscopy and near-infrared
(NIR) spectroscopy [34]. The specific surface area was measured at —196°C by the nitrogen
absorption—desorption technique (Brunauer Emmet Teller method, BET) using a SA3100
Surface Area and Pore Size Analyzer (Beckman Coulter Inc., Fullerton, CA), while diameter
and length were measured by transmission electron microscopy (TEM). The diameter and
length of the purified SWCNT were 1-4 nm and 0.5-1 pm respectively. The surface area of
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purified SWCNT was 1040 m?/g. The chemical analysis was assessed at DATA CHEM
Laboratories Inc. using plasma-atomic emission spectrometry where the SWCNT were
defined as 99% elemental carbon and 0.23% iron. A more detailed analysis of the chemical
composition has been reported previously [35]. The same lot of SWCNT was utilized for all
experiments reported.

2.2. Culture of cells

Both immortalized and primary human respiratory epithelial cell populations were used to
examine the potential genetic damage due to SWCNT exposure. Primary human respiratory
epithelial cells (SAEC; Lonza, Walkersville, MD) isolated from the small airway of a
normal human donor were examined to determine the response of a normal cell population
to SWCNT exposure. The primary SAEC cells exhibited a cobblestone epithelial
morphology that was free of fibroblasts during the culture period. Cells of a single lot were
cultured and used between passages 1 and 6. In addition, the primary cells were examined
by electron microscope and cytokeratin 8 and 18 staining to confirm the Type Il phenotype.
The primary cells have a normal diploid karyotype, which was necessary for the
determination of potential aneuploidy induction following exposure. The primary cell
cultures double every 20-24 h, which makes it possible to analyze a potential change in
chromosome number and centrosome morphology of cells that have divided during a 24-72
h exposure. The mitotic index is the number of cells in mitosis when the cells are fixed.
Although cells have gone through mitosis during the period of exposure, the analysis of the
mitotic spindle must be performed on cells that are in division at the time of fixation. The
mitotic index of the SAEC cells was 0.5% which prevented analysis of mitotic spindle
integrity in this cell population.

Normal human bronchial epithelial cells (BEAS-2B) from a human donor (ATCC,
Manassas, VA 20108) were immortalized with an adenovirus 12-SV40 (Ad 12SV40) as
described previously [36]. BEAS-2B cells were cultured in DMEM media supplemented
with 10% fetal bovine serum (Thermo Scientific, Rockford, IL), while SAEC were obtained
and cultured following manufacturer’s directions using Cabrex media (Lonza, Walkersville,
MD). Immortalized human bronchial epithelial cell (BEAS-2B) cultures in the serum-
enriched media double every 18-20 h and have normal mitotic spindle morphology (ATCC,
Manassas, VA). The mitotic index of the BEAS-2B cells was 9.0 + 4.0%. The proliferation
rate, the high mitotic index and the integrity of the mitotic spindle of BEAS-2B cells make it
possible to examine a minimum of 100 mitotic spindles of good morphology for each of
three replicate cultures for each treatment combination.

2.3. Treatment protocol

Immortalized BEAS-2B and the primary SAEC were exposed in parallel culture dishes to
single-walled carbon nanotubes (SWCNT) or to the spindle poison (positive control),
vanadium pentoxide (Sigma, St. Louis, MO). Vanadium pentoxide fragments the
centrosome and also inhibits the assembly of microtubules resulting in aberrant spindles,
aneuploidy, polyploid and binucleate cells [37]. The dose of SWCNT was based on in vivo
exposures that demonstrated epithelial cell proliferation and abnormal nuclei at 20 pg/
mouse, and is equivalent to an exposure predicted in workers of 40 h per week for 20 weeks
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at the OSHA particle exposure limit (PEL) of 5 mg/m? for particles less than 5 um in
diameter [8,30]. The 20 pg/mouse in vivo dose was adjusted to the alveolar surface area of a
mouse of 500 cm?/mouse lung [38]. The adjusted dose for in vitro exposure was 0.02—-0.08
pg/cm? of culture surface area. SWCNT were suspended in media and sonicated over ice for
5 min. The dispersion of the carbon nanotubes in culture media was evaluated by TEM.
Vanadium pentoxide was suspended in media and sonicated over ice in the cold room for 30
min. Specifically, cultured cells were exposed to 0.024, 0.24, 2.4 or 24 pg/cm? SWCNT or
t0 0.031, 0.31 or 3.1 pg/cm? vanadium pentoxide. Twenty-four and 72 h after exposure,
SAEC and BEAS-2B cells were prepared for analysis of apoptosis and necrosis. The SAEC
cells were analyzed for centrosome integrity and chromosome number. The BEAS-2B cells
were prepared for analysis of the mitotic spindle. Three independent replicates were
performed for each exposure of the SAEC and BEAS-2B.

2.4. Mitotic spindle and centrosome morphology analysis

BEAS-2B and SAEC were cultured in 1-mL chamber slides. Dual chambers were prepared
for each treatment and cell type. Three independent replicates were prepared for each cell
type and treatment. After exposure, the media was removed and the cells were washed twice
for 5 min each with 2 mL of calcium and magnesium free Dulbecco phosphate buffered
saline (DPBS) + 0.1% Tween 20 (Invitrogen, Carlsbad, CA). The cells were then fixed with
100% methanol. Spindle integrity was examined using dual-label immunofluorescence for
tubulin and centrin to detect the mitotic spindle and the centrosomes following methods
described previously [25]. Primary antibodies were rabbit anti-beta tubulin (Abcam, La
Jolla, CA, USA) and mouse anti-centrin (Salisbury Laboratory). Secondary antibodies were
Rhodamine Red goat anti-rabbit IgG and Alexa 488 goat anti-mouse IgG (Invitrogen,
Carlsbad, CA). Small aggregates of SWCNT (carbon nanoropes) appeared as black
structures in differential interference contrast (DIC) imaging due to absorbance of light [39-
41]. The morphology of the mitotic spindle and centrosome, and the relationship with
carbon nanoropes, was analyzed in the BEAS-2B cells using a laser scanning confocal
microscope (LSM 510, Carl Zeiss Microlmaging Inc., Thornwood, NY) as previously
described [25]. To determine the association of the carbon nanoropes with the microtubules
of the mitotic spindle and the centrosome, serial optical slices were obtained to create a z-
stack and permit three-dimensional reconstruction using LightWave software [42]. At least
50 cells per chamber and a total of 300 cells of good centrosome and 300 cells of good
mitotic spindle morphology were analyzed for each treatment dose for BEAS-2B. The
morphology of the centrosome was analyzed by confocal microscopy in 300 cells for each
dose and treatment in the SAEC cultures. The centrosome integrity was validated by TEM
as previously described [25].

2.5. Chromosome number by FISH

Due to the necessity of a normal diploid karyotype for the analysis of chromosome number,
the SAEC cells were prepared for analysis of the aneuploidy. Fluorescence in situ
hybridization (FISH) for human chromosomes 1 and 4 was used to determine the
chromosome number (Abbott Molecular, Des Plaines, IL) according to the guidelines of the
American College of Medical Genetics [43]. To yield binucleate cells to indicate any non-
disjunction of chromosomes 1 and 4, cytochalasin B was considered, however; use of this
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compound inhibits uptake of carbon nanotubes by endocytosis [21]. A minimum of 100
interphase cells of good FISH morphology were analyzed to determine the number of
chromosome 1 and 4. The SAEC cells were photographed using a Zeiss Axiophot
microscope and Genetix Cytovision software. Cells with greater than two copies of
chromosome 1 or 4 were recorded as a gain for that chromosome. Cells with less than two
copies of chromosome 1 or 4 were recorded as a loss of that chromosome. The total
aneuploidy was the combination of the loss and gain of both chromosomes. The experiment
was repeated three times for a total of three independent replications and 300 evaluated cells
per treatment and dose.

2.6. Viability and apoptosis

Triplicate cultures of BEAS-2B and SAEC cells were prepared in 96 well plates for analysis
of viability using the Alamar Blue bioassay (Invitrogen, Carlsbad, CA), following
procedures described previously [44]. Parallel cultures were also prepared in duplicate in 1
mL chamber slides for the analysis of apoptosis using the TUNEL assay following the
manufacturer’s directions (Roche, Inc., Indianapolis, IN) with some modifications outlined
previously [45]. An additional positive control slide was treated with 400 Kunitz units
DNase 1 (D4263, Sigma—Aldrich, St. Louis, MO). The DNase 1 fragments the DNA to
simulate the fragmentation of the chromatin that occurs during apoptosis. The exposed 3-0H
DNA ends were labeled with fluorescein-12-dUTP. Twenty-four hours after dosing, the cells
were fixed in 4% paraformaldehyde in PBS, pH 7.4, stained with DAPI (Vector Labs,
Burlingame, CA) and fluorescein (Roche), and photographed using a Zeiss Axiophot
fluorescent microscope. A minimum of 50 cells were analyzed for each culture chamber for
a total of one hundred cells, which was repeated three times for a total of 300 cells for each
treatment and dose.

2.7. Colony formation

Triplicate cultures of BEAS-2B cells were grown in T25 flasks. When the cells were 70%
confluent they were treated with SWCNT. After 24 h, the cells were trypsinized, counted
and plated at 500 cells/well in 6-well plates for analysis of colony formation. After seven
days, the cells were washed with PBS, stained with 10% crystal violet solution in neutral
buffered formalin (Sigma, St. Louis, MO) and colonies counted.

2.8. Cell cycle analysis for DNA content

BEAS-2B cells were grown in six parallel T25 flasks. Twenty-four hours after exposure to
carbon nanotubes, the cells were washed twice with PBS and removed from the dishes with
0.25% trypsin. The activity of the trypsin was stopped with DMEM media with 10% serum.
The cells were then centrifuged at 300 x g at room temperature and washed with PBS. The
supernatant was removed and 1 x 106 cells/mL were fixed in 70% ice-cold ethanol
overnight. The fixed cells were then resuspended in 0.2 mg/mL DNase-free RNase (Sigma,
St. Louis, MO) solution and incubated at 37°C for 30 min. After centrifugation at 300 x g at
4°C for 5 min, the cells were stained with 20 pg/mL propidium iodide (Sigma, St. Louis,
MO) in 0.1% Triton-X (Sigma, St. Louis, MO) in PBS buffer for 30 min at room
temperature. The samples were then analyzed on a FACSCalibur flow cytometer (BD
Biosciences Immunocytometry Systems, San Jose, CA). The experiments were repeated
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three times for a total of 18 independent replications. Data were analyzed and plotted using
FlowJo v7.2.5 software.

2.9. Statistical analysis

The mean and the standard deviation were determined by the analysis of duplicate samples
in three separate experiments. Chi-square analysis was used to determine statistical
significance for the scoring of the mitotic spindle abnormalities and the number of cells with
abnormal chromosome number. The significance of the number of viable and apoptotic cells
was analyzed by ANOVA. A level of p < 0.01 was considered significant. For cell cycle
analysis, a t-test was used to compare the population of G2/M in PBS and SWCNT groups.
A level of p < 0.05 was considered significant.

3. Results

3.1. SWCNT mitotic disruption

Two human respiratory epithelial cell populations were used to examine the potential of
SWCNT to induce genetic damage. To investigate SWCNT effects on respiratory cells with
a normal diploid karyotype, primary small airway epithelial cells (SAEC, Lonza,
Walkersville, MD) were used to examine chromosome number. The (BEAS-2B)
immortalized respiratory epithelial cells were examined for the integrity of the mitotic
spindle. Treatment with SWCNT induced a dose-dependent increase in the frequency of
disrupted mitotic figures (Fig. 1a). Ninety-five percent of the abnormal mitotic figures in the
BEAS-2B cell line were multi-polar (Fig. 1b) with only 5% being monopolar (Fig. 1b).
Indeed, the pattern of the mitotic spindle disruption was similar to the pattern observed in
the vanadium pentoxide-treated cells (Fig. 1b).

3.2. Chromosome number

The chromosome number was analyzed in the primary SAEC from a normal donor. The
SAEC were used to assure a normal karyotype for the accurate evaluation of treatment-
associated aneuploidy. FISH analysis demonstrated a loss or gain of either chromosome 1 or
4 and revealed 1.0 £ 1.0% aneuploidy in control primary respiratory cells (Fig. 1c, Table 1).
The frequency of the aneuploid cells in the controls was within the range reported in adult
human cells in culture [46,47]. In contrast, the SWCNT-treated SAEC had a level of
aneuploidy that was as high as the effect that was observed in the vanadium pentoxide-
treated positive control cells (Fig. 1c). Fig. 1d demonstrates the typical gross aneuploidy that
was observed in SWCNT-treated cells. When the chromosome changes were analyzed by a
loss or a gain of either chromosome 1 or 4, a significant dose response of aneuploidy was
observed following carbon nanotube exposure (Table 1). The analysis of the chromosome
changes by either loss or gain of chromosome 1 or 4, demonstrated that the aneuploidy was
randomly distributed between alterations of chromosome 1 or chromosome 4 (Table 1). At
the lowest dose of SWCNT, just over half of the observed aneuploidy was due to a gain of
either chromosomes 1 or 4. However, the aneuploidy could not be explained by polyploidy
because only 8% out of the total 35% aneuploid cells had a gain of both chromosomes and
16% of the aneuploid cells were due to loss of either chromosome 1 or 4. A G2 block
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resulting in a polyploid 4N population, therefore, could not explain the dramatic
chromosome errors.

3.3. Interaction of carbon nanotubes with mitotic spindle apparatus

SWCNT form bundles in agqueous environments due to their highly hydrophobic surfaces.
Single carbon nanotubes of 1-4 nm diameter cannot be imaged; however, small bundles of
nanotubes and/or nanoropes of 10 nm diameter or greater were observed using differential
interference contrast imaging of the SWCNT treated cells. Cells with multipolar mitotic
spindles were observed with nanoropes in the nucleus and cytoplasm (Fig. 2a—d). Physical
associations were observed between SWCNT and the DNA, as well as the microtubules of
the mitotic spindle apparatus (Fig. 2a—d). The multipolar mitoses had multiple centrosome
fragments (Figs. 2b, e and 3b, €). The location of the nanoropes was confirmed by three-
dimensional reconstructions of the serial optical images of 0.1 um (Fig. 4a). Nanotubes were
observed in association with the microtubules, the DNA, and the centrosome fragments (Fig.
4a). Furthermore, the three-dimensional reconstruction showed carbon nanotubes within the
centrosome fragments (Fig. 4b). In the current investigation, SWCNT were observed in
association with the centrosomes even at the lowest exposure dose.

3.4. Viability and clonal growth

The positive control, vanadium pentoxide, reduced viability 24 h after treatment (Fig. 5a).
Although the mitotic disruption of the SWCNT-exposed cells was as high as the vanadium
pentoxide-exposed cells, cell viability was not significantly reduced in primary respiratory
epithelial cells (SAEC) or BEAS-2B cells 24 h following treatment with the SWCNT (Fig.
5a). Seventy-two hours after exposure to 0.24, 2.4 or 24 ug/cm? SWCNT, the viability was
significantly reduced in the primary SAEC cells (Fig. 5b). The reduction in viability was
observed in both BEAS-2B and SAEC cells 72 h after exposure to 0.31 pg/cm? vanadium
pentoxide. The reduced viability was not due to the induction of apoptotic pathways as
neither SWCNT nor vanadium pentoxide resulted in detectable apoptosis (data not shown).
Seven days after exposure, the high dose of SWCNT resulted in a reduced number of
colonies; however, the low dose exposure resulted in an increased colony formation (Fig.
5c).

3.5. Cell cycle G2 block after SWCNT treatment

The cell cycle analysis for BEAS-2B cells treated with 24 pg/cm2 SWCNT for 24 h is
shown in Fig. 6. The SWCNT-treated cells exhibit a statistically significant higher
percentage of the G2/M population than in the PBS treated control cells (Table 2), indicating
a G2 block in the cell cycle. The percentage of cells in the G1 phase of the cell cycle was
slightly higher (+3%) and the percent of cells in S phase was lower (-6%) in SWCNT-
treated cells; however, the difference was not significant. The coefficient of variance (CV)
of G1 and G2/M was higher in SWCNT-treated cells than that in PBS treated cells further
indicating disruption of the cell cycle in SWCNT-treated cells. The disruption of the cell
cycle observed 24 h following SWCNT exposure was comparable to the level observed with
the potent carcinogenic fiber asbestos [48]. The dose of carbon nanotubes was three-fold
lower than the effective dose of ashestos.
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4. Discussion

Our data are the first to show significant induction of multipolar mitotic spindles,
aneuploidy and G2/M block of the cell cycle as well as stimulation of clonal growth in
epithelial cells following exposure to concentrations of carbon nanotubes that could be
anticipated during workplace exposures. Exposure to 0.024 pg SWCNT/cm? resulted in
chromosomal aneuploidy and mitotic spindle aberrations in 35% of the cells examined.
Eighty percent of the disrupted mitotic spindles were multipolar when cells were exposed to
0.024 pg SWCNT/cm2. The distribution of multipolar mitotic spindles and centrosome
fragmentation, mitotic spindle damage and aneuploidy following SWCNT exposure was
similar to the effects of the genotoxin positive control, vanadium pentoxide [37].
Furthermore, three-dimensional imaging demonstrated nanotubes inside the centrosomal
structure. Fragmentation of the centrosome can be induced by a number of mechanisms
including global DNA damage [49], inhibition of mitotic spindle motor movement or
activity [50,51], or by inhibiting the processing of misfolded centrosome proteins [52].
Levels of SWCNT four-fold higher than used in this experiment induce DNA breakage in
only 8% of the cells [40]. This level of DNA damage would not result in centrosome
fragmentation and this global DNA damage is unlikely to be the cause of fragmentation.

The positive control, vanadium pentoxide, is believed to induce centrosome fragmentation,
mitotic spindle disruption, and aneuploidy through the inhibition of the spindle motor dynein
[37,53,54]. Although inhibition of the cellular motors has not been demonstrated with
carbon nanotubes, spherical nanoparticles of 40 nanometers or less have been shown to
inhibit the mitotic spindle motor kinesin which is essential for normal cell division [55].
Furthermore, carbon nanotubes form hybrids with microtubules that were transported by the
cellular motors [56]. The transport of the hybrid microtubules was not as efficient as that of
native microtubules, indicating a partial inhibition of the kinesin activity. The coordinated
activity of the mitotic motors kinesin and dynein are essential for normal cell division [57—
59]. Agents that inhibit the motor activity induce mitotic spindle disruption as well as
aneuploidy [60,61]. The interaction with the mitotic spindle apparatus that was observed in
the current study may be due to the incorporation of SWCNT into cellular structures similar
to the incorporation that has been observed in bone [62]. Indeed, the size and physical
properties of SWCNT nanoropes are strikingly similar to cellular microtubules [63],
suggesting SWCNT may displace some microtubules or portions of microtubules.
Displacement of the microtubules by carbon nanotubes, formation of nanotubes/microtubule
hybrids, and subsequent incorporation of the hybrids into the mitotic spindle may explain
the strong association of the nanotubes with the mitotic apparatus [56]. Interaction of the
mitotic motors with carbon nanotubes or carbon nanotube/microtubule hybrids may result in
incorporation into the mitotic spindle.In addition to interactions with microtubules and the
mitotic spindle, SWCNT-induced genotoxicity involves direct association with DNA.
SWCNT have an affinity for G-C rich DNA sequences in the chromosomes [17]. The
intercalation of SWCNT in the DNA induced a conformational change in the DNA helix
[16,17] resulting in chromosome breakage and instability. In the current study, interactions
between SWCNT and DNA were visualized by three-dimensional cellular reconstruction.
Nanoropes integrated with the centrosome and DNA, and bridged the mitotic spindle and the
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DNA. Disruption of the centrosome and the mitotic spindle are highly associated with
carcinogenesis [25] thus the affinity of SWCNT for both DNA and the components of the
spindle apparatus have critical implications for errors in chromosome number and potential
carcinogenicity.

Exposure of rodents to SWCNT have produced mutations in K-ras [8] indicating SWCNT
may be capable of inducing DNA damage in vivo. The demonstration of mutations of the K-
ras oncogene in SWCNT-exposed mouse lungs [8] indicates genotoxicity and the potential
to initiate lung cancer. Mutations of the K-ras gene are frequently reported in chemically
induced mouse lung tumors and smoking-induced human lung adenocarcinoma [64-67].
Persistent epithelial proliferation is a feature of the second phase of pulmonary
carcinogenesis (promotion) [68-71]. The increased colony formation of the carbon nanotube
exposed cells in vitro indicates that low doses induce cellular proliferation. Given that
epithelial hyperplasia and cellular atypia were noted in mice exposed to SWCNT and
MWCNT in vivo [8,72,73], the potential for carcinogenicity is particularly concerning.
Intraperitoneal injection of 3 mg of MWCNT with a mean length of at least 5 um results in
mesotheliomas in 87% of p53+/- transgenic mice [74] while a similar incidence of
mesotheliomas was observed in rats following an intrascrotal injection of 240 pg of the long
MWCNT with a median diameter of 4.5 um [75]. A more recent study by Kanno et al.,
observed significant increase of mesothelioma following intraperitoneal injection of mice
with as little as 50 pg of long MWCNT [76]. By contrast, intraperitoneal injection of rats
with 20 mg short MWCNT with a median diameter of less than 1 um did not result in
increased mesotheliomas [77]. Although the MWCNT exposure studies have been criticized
due to the high dose and the route of exposure, the studies raise concerns about the potential
of cancer due to occupational and environmental exposures to particles that may have
physical properties similar to asbestos fibers. Further evidence of the similarity of carbon
nanotubes to asbestos was demonstrated in two recent publications showing migration of
MWCNT to the subpleural tissue and entrance into the intrapleural space in a manner
similar to asbestos [78,79].

The extraordinary level of chromosomal errors following SWCNT exposure underscores the
importance of the SWCNT-induced damage to the mitotic spindle, the potential for direct
interaction with DNA as demonstrated in the three-dimensional reconstruction of cells, and
the importance of additional studies to fully elucidate the mechanism(s) of damage. Mitotic
spindle damage with a predominantly multipolar phenotype and aneuploidy have also been
observed following in vitro treatment with 0.25 pg/mL of the potent occupational
carcinogen, chrysotile asbestos [80]. The ability of asbestos fibers to induce aneuploidy in
vitro is highly correlated with the ability to induce mesotheliomas in vivo; this provides data
supporting the importance of aneuploidy in carcinogenesis due to particulates with high
aspect ratios [81]. Chrysotile has also been observed to cause a G2/M block similar to the
block observed with SWCNT [48]. The dose of chrysotile used in the in vitro studies was
three-fold higher than the lowest dose of SWCNT that induced similar damage. Chrysotile
asbestos has been observed in association with DNA and in the bridge of cytokinesis;
however, association with the centrosome, centrosome damage or integration with the
mitotic spindle has not been documented following asbestos exposure. SWCNT-treated cells
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did not die through apoptosis and had a low level of necrosis after 24-72 h of exposure. The
increased colony formation one week after exposure could even suggest a hyperplastic
response with resulting enhanced risk for passing genetic damage to daughter cells [68,70].
Persistent epithelial hyperplasia is characteristic of the second phase of carcinogenesis.
When cell proliferation occurs prior to repair of damaged DNA, the genetic damage is
passed on to subsequent generations. Given the observation that carbon nanotubes induce
epithelial hyperplasia and cellular atypia in cancer resistant mice, the potential for
carcinogenicity is particularly concerning [72,73,82].

While it is difficult to measure nanoparticulate concentrations in the workplace [83], our
results suggest that levels of SWCNT that are possible with current regulations may exert
genotoxic effects and have specific interactions with cellular components which alter the
orderly progression of cell division. Similarities of the carbon nanotube to microtubules
noted by Pampaloni et al., 2008 may explain the interaction with the centrosome and mitotic
spindles rather than the physical interference of the spindle that occurs with fibers such as
asbestos [80]. The affinity for the DNA as well as the similarity of the carbon nanotube size
and physical properties to the cellular microtubules [39,63] may enhance the potential for
aneuploidy. By contrast, ashestos fibers have a low affinity for the DNA but the larger
asbestos fibers can physically interfere with the mitotic spindle [80]. The incorporation of
the nanotubes into the centrosomal structure as well as the integration of the carbon
nanotubes with the microtubules in the mitotic spindle may exert physical forces that
fragment the centrosome, disrupt the mitotic spindle, and induce errors in chromosome
number that are possible at the current levels of exposure. Centrosome fragmentation,
mitotic spindle disruption, and aneuploidy are characteristics of cancer cells and may lead to
an increased risk of cancer [23,25]. Consistent with this hypothesis, research with inorganic
fibers indicate that in vivo asbestos-induced mesothelioma is correlated with the ability of
the fiber to cause chromosomal missegregation, not with cytotoxicity [81]. The current
research demonstrating mitotic spindle disruption and errors in chromosome number
indicates caution should be used during the production and processing of carbon nanotubes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

(agd) The bar graph shows the percentage of BEAS-2B cells that were observed with mitotic
spindle abnormalities. Mitotic spindle abnormalities are expressed as a percent of cells with
a mitotic disruption. The solid bars indicate the percent of cells in the control and exposed
SAEC cells with mitotic spindle abnormalities. The abnormalities included monopolar,
tripolar and quadrapolar mitotic spindles. (b) The bar graph shows the distribution of the
mitotic spindle abnormalities in BEAS-2B cells that were monopolar or multipolar
compared to the total number of disrupted mitoses. The solid bars indicate the percent of
total mitotic figures that had a multipolar mitotic spindle; the white bars indicate the percent
of total mitotic figures that had a monopolar mitotic spindle. The gray bars indicate the
percent of cells with either a monopolar or multipolar mitotic spindle. (c) The bar graph
demonstrates the percent of SAEC with an aneuploid chromosome number 24 h following
exposure to SWCNT or the positive control V,0s. The solid bars indicate the percent of
cells with errors in chromosome number in the SWCNT, vanadium pentoxide and diluent
control SAEC cells. *Significantly different from the unexposed control cells at p < 0.001.
(d) A photograph of a FISH image of two cells treated with 0.24 ug/cm? SWCNT. The cell
indicated by white arrows has 8 green signals (chromosome 4) and 5 (chromosome 1) red
signals. Yellow arrows show a normal cell with two green signals and two red signals. This
figure demonstrates the typical gross aneuploidy that was observed with SWCNT.
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Fig. 2.

(agd) SWCNT-treated cell with 4 spindle poles: the photographs in (a)—(e) show a
multipolar mitotic spindle with four poles. The mitotic tubulin in (a) is red, the centrosomes
in (b) are green, the nanotubes in (c) are black and the DNA is blue in (d). (e) The composite
of tubulin, DNA and spindle poles. The nanotubes in (c) can be seen in the nucleus in
association with microtubules and the DNA as indicated by white arrows. Serial optical
sections at 0.1 um intervals using confocal microscopy confirmed the location of the
nanotubes. The scale bar indicates 10 um units.

Mutat Res. Author manuscript; available in PMC 2015 December 30.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sargent et al.

Page 19

Fig. 3.

T)?pical tripolar mitosis viewed by confocal immunofluorescent and DIC microscopy: (a)
spindle disruption by SWCNT is demonstrated using indirect immunofluorescence to stain
tubulin red and reveal the microtubules. (b) Spindle poles are stained green. (c) The
SWCNT are black when viewed using DIC. (d) DNA stains blue using DAPI. (e) The
composite image demonstrates the three poles directing the DNA in three directions rather
than two opposing poles seen in the normal bipolar mitosis. Each of the three poles is
indicated by yellow arrows.
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Fig. 4.
(@) A 3D reconstruction of the multipolar mitotic spindle with three poles. The DNA is blue,

the tubulin is red, the centrosomes are green and the nanotubes are black in (a) and (b). The
three spindle poles are indicated by white arrows. Serial optical sections of 0.1 pm in depth
were used to construct a 3D image of the tripolar mitosis. The reconstructed image shows
nanotubes inside the cell in association with each centrosome fragment at the 3 spindle
poles. Nanotubes are also integrated with the microtubules and the DNA. In (b), the
centrosomes and the portion of the mitotic spindle labeled as region 3 in (a) are increased in
size to show details of the nanotube association with the centrosome and the tubulin. The
nanotubes can be seen within the centrosome structure as indicated by the white arrow. The
nanotubes associated with the microtubule can also be seen in more detail as indicated by
the yellow arrow. In this cell, the three spindle poles, the three unequal DNA bundles, and
the disruption of microtubule attachments to two centrosomes suggest major perturbations in
cell division.
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Fig. 5.

(a)gThe bar graph shows viability of BEAS-2B and SAEC cells at 24 h following exposure
to SWCNT or V,0s. The black bars indicate the level of viability in control and exposed
SAEC cells. The white bars indicate the degree of viability in the exposed and control
BEAS-2B cells. (b) The bar graph shows viability of BEAS-2B and SAEC cells at 72 h
following exposure to SWCNT or V,0s. The black bars indicate the level of viability in
control and exposed SAEC cells. The white bars indicate the level in the exposed and
control BEAS-2B cells. (c) The bar graph shows clonal growth in the BEAS-2B cells 7 days
after exposure to SWCNT. The solid bars indicate the mean number of colonies; *statistical
significance at p < 0.001.
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Fig. 6.

C(?II cycle analysis of SWCNT-treated BEAS-2B cells. A typical flow cytometry cell cycle
analysis of BEAS-2B cells treated with PBS (left panel) or 24 ug/mL SWCNT for 24 h
(right panel). The percentage of G2/M population in SWCNT-treated BEAS-2B cells was
statistically significantly higher than that in the PBS treated control cells, which indicated a
G2 block in cell cycle.
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Table 1

Percent of chromosome errors in SAEC cells following treatment with SWCNT and percent of chromosome
errors in SAEC cells following treatment with V205.

Total % Changein Gain of Changein Gain of Changein both
aneuploid chromosome 1 chromosome 1 chromosome 4 chromosome 4 chromosomes (%)
cells (%) (%) (%) (%)

Dose SWCNT

0 225+1.0 1.0£10 1.0£1.0 1.25+1.0 1.0£10 0

0.024 pg/cm? 35+ 11" 214" 13+4 22+3" 10+2 8+3"

0.24 pg/cm? 45+ 10" 30+6" 20410 28+5" 219" 14+5"

2.4 pglem? 50 + 10" 32+4" 23+10 3143 25+ 10" 13+3"

24 yglem? 68+5" 37+5" 23+5" 35+11" 25+5" 19+5"

Dose vanadium

0.31 pg/em? 60+ 7" 50+ 7" 41+5" 51+11° 42+ 6" 38+7"

The distribution of the aneuploidy that was contributed by chromosome 1 and by chromosome 4 is detailed in the table as “Total % aneuploid
cells”. The percent of cells with a gain in chromosome 1 and/or of chromosome 4 are indicated in the table under Gain. Cells with both
chromosomes gained are indicated by “Change in both chromosomes”; +standard deviation.

p <0.05.
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Table 2

Percent of control and SWCNT-treated BEAS-2B cells in the different phases of the cell cycle.

%G1 CV of G1 %S %G2IM CV of G2/IM

PBS treated cells 40.15+112 872+047 3549+109 2444+087 8274027
SWCNT-treated cells  43.10+1.89 1300154 2899+317 309574256" 1233155

CV: coefficient of variance; +standard deviation.

*
p <0.05.
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